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Abstract
We have investigated the requirement for the FGF and Wnt/beta-catenin pathways for Xenopus tadpole tail regeneration. Pathways were
modified either by treatment with small molecules or by induction of transgene expression with heat shocks. Regeneration is inhibited by treatment
with the FGF inhibitor SU5402, or by activation of a dominant negative FGF receptor, or by activation of expression of the Wnt inhibitor Dkk1.
Agents promoting Wnt activity: the small molecule BIO, or a constitutively active form of beta-catenin, led to an increased growth rate.
Combination of a Wnt activator with FGF inhibitor suppressed regeneration, while combination of a Wnt inhibitor with a FGF activator allowed
regeneration. This suggests that the Wnt activity lies upstream of the FGF activity.
Expression of both Wnt and FGF components was inhibited by activation of noggin, suggesting that BMP signalling lies upstream of both Wnt
and FGF.
The results show that the molecular mechanism of Xenopus tadpole tail regeneration is surprisingly similar to that of the Xenopus limb bud and
the zebrafish caudal fin, despite the difference of anatomy.
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The recent adoption of the zebrafish and of the Xenopus
tadpole as models for studying the regeneration of bodily ap-
pendages has enabled the application of a number of modern
cellular and molecular techniques to the study of regeneration
(Poss et al., 2003; Slack et al., 2004). In particular it has been
possible to analyze cell lineage using cell autonomous labels,
and to analyze the role of various cell signaling pathways using
dominant negative reagents and transgenesis. Recently some
remarkable parallels have been observed between the regenera-
tion of the zebrafish tail (=caudal fin) and the Xenopus tadpole
limb buds. Both have been shown to require Wnt and FGF
signaling for regeneration, and in both the Wnt signal operates⁎ Corresponding author. Fax: +1 612 624 2436.
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doi:10.1016/j.ydbio.2008.01.032upstream of the FGF signal (Kawakami et al., 2006; Poss et al.,
2000; Stoick-Cooper et al., 2007; Whitehead et al., 2005;
Yokoyama et al., 2007). This similarity of molecular mechan-
ism is somewhat surprising because the structures are anato-
mically very different from each other. The zebrafish tail con-
sists of a set of longitudinally arranged, segmented, branched,
bony rays (lepidotrichia) surrounded by connective tissue and
epidermis. The Xenopus limb bud consists of a mass of homo-
geneous mesenchyme within an epidermal jacket. The zebra-
fish tail will regenerate from adult animals and shows
dedifferentiation of the bony rays to form a blastema, whereas
the Xenopus limb bud does not regenerate once it has
differentiated into an advanced limb bud with digits (Dent,
1962).
The tail of the Xenopus tadpole will regenerate completely
for the whole of the tadpole phase, until it becomes resorbed at
metamorphosis. It has a very different anatomy again, contain-
ing a spinal cord, notochord and segmented myotomes, flanked
by connective tissue and epidermal fins. Furthermore it differs
in the cell biology of regeneration from the other systems.
Table 1
PCR primers and annealing temperature (Ta)
Gene Forward Reverse Ta
bmp4 gcatgtacggataagtcgatc gatctcagactcaacggcac 55
fgf8 ctgcgtcttctcggaaattgtc gtttttatgaagtctgtggaacg 55
fgf9 ctgcgtcttctcggaaattgtc gtttttatgaagtctgtggaacg 55
fgf10 cagatcgatggcaacggcacag actttgtctctcgttgttcttcc 57.5
fgf20 ttgtgtgtcacccgccttagat tgaagagcagggggctgtcctt 57.5
fgfr1 ttagatgttgttgagcgttccc ccatatccttgtccgaggtgtt 55
fgfr2 caaactcaccaaacgaataccg aataacatagagcgtgcctccc 55
msx1 ctggttccagaacaggagagcc catgctgtatccaaggtgggctg 57.5
msx2 catcacaatgtcttctcccag agctggtgccatcttcagag 55
β-Catenin ttgtatgagtgggagcagggct cgatggtgagaaaggttgtgaa 55
wnt3a ctggggaaggctggaagtg ttgggggagctctcatagtaaatc 55
wnt5a gatcctacagctcctcct ctaacgaccaccaggagct 55
odc acacggcattgatcctacag agctccttcggtgtaatgac 55
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entiated and functional form. Unlike the zebrafish tail there
seems to be little or no de-differentiation. The spinal cord and
notochord regenerate from the corresponding tissues in the
stump (Gargioli and Slack, 2004). The muscle regenerates from
muscle satellite cells (Chen et al., 2006), and the melanophores
regenerate from pre-existing melanophore precursors (Lin et al.,
2007). We have previously shown that regeneration requires
both BMP and Notch signaling, and in this regard resembles the
situation in the developing tail (Beck et al., 2003; Beck et al.,
2001). In this system BMP signaling is upstream of Notch and is
required for development and regeneration of all the three main
axial tissue types (spinal cord, notochord and muscle). Notch
signaling is required for regeneration of spinal cord and
notochord, but not muscle. In the present work we examine
the role of FGF and Wnt signaling in tail regeneration and their
relationship to the BMP pathway.
We find that, despite the considerable anatomical differ-
ences, the situation is once again similar to that in the Xenopus
limb bud and zebrafish tail, namely that Wnt and FGF signaling
are both required and that Wnt is upstream of FGF. We further
show that expression of the ligands of these pathways is lost in
the presence of noggin, suggesting that the BMP signal is up-
stream of both Wnt and FGF.
The existence of a common series of molecular pathways
underlying the regeneration of such diverse types of appendage
suggests that they must have a deep and intimate role in the
function of the regeneration process itself.
Materials and methods
Transgene constructs
The HGEM vector (Beck et al., 2003) contains a temperature inducible
promoter driving the gene of interest (Wheeler et al., 2000), and a separate
cassette comprising GFP driven by a γ-crystallin promoter. This promoter is
active only in the lens and enables transgenic tadpoles to be identified by their
green eyes. HGEM-XFD containing the dominant negative form of FGF re-
ceptor 1 was constructed by inserting the XFD fragment from XFD/Xss (Amaya
et al., 1991) cut with HindIII (partial) and EcoRI (mung bean nuclease blunted),
into the HindIII and SmaI sites of the HGEM vector The heat shock inducible,
GFP fused activated beta-catenin plasmid (pCH85) was a gift from Arne Lekven
(Texas A&M University).
A 776 bp fragment of the coding region of Xenopus tropicalis dickkopf 1
was amplified from cDNA prepared from neurula stage embryos, ligated into
pGEMT easy vector (Promega) and sequenced. Primers used were: sense (pos.
145) 5′-GAATGGACGAGATGTTCCTGATGCT-3′; Antisense: (pos. 920): 5′-
TTAGTGTCTCTGGCAAGTGTGAAGT-3′. The EcoRI fragment of pGEMT-
dkk1 was then inserted into pCS2+ vectors, from which the HindIII and SnaBI
(blunted) digested fragment was then put into the HGEM vector cut with Hin-
dIII and SmaI.
A construct containing fgf20 was obtained similarly from Xenopus laevis
embryo cDNA. Primers used for fgf20 isolation were: sense: 5′-ATGTGGAT-Fig. 1. Gene expression profiles during Xenopus tadpole tail regeneration. (A–X) In s
wnt3a (Q–T) and wnt5a (U–X) in control tadpoles (A, E, I, M, Q, U; stage 42–43 tad
2 dpa: C, G, K, O, S, W; 3 dpa: D, H, L, P, T, X; stage 48+ tadpoles). Arrowheads in
PCR detection of FGF, BMP and Wnt signalling components in tadpole tail immed
stump tissue was used to prepare RNA. ODC (ornithine decarboxylase) is used as loa
on the density of the PCR bands in (Y). The band density on D0 is the reference stand
correspond to a limited overall change in the larger tissue region used for RNA anaTATGGTGATGACGGTGA-3′ and antisense 5′-TATGGTTAAAATTAGGAG-
TGGGGTT-3′. After being cloned into the pGEMT vector and sequenced, the
EcoRI and XbaI fragment of the fgf20 coding region was inserted into pCS2+
vector. The HindIII and SnaBI (blunted) fragment was then inserted into the
HindIII and SmaI sites of the HGEM vector.
A construct containing heat shock inducible fgf20 and GFP expression in
the pancreas (hs-fgf20:elastaseGFP) was constructed by replacing the γ-
crystallinGFP with elastaseGFP using NotI. The rat elastase element directs
expression to the pancreas also in Xenopus (Beck and Slack, 1999b).
Histology, marker expression and immunohistochemistry
Formorphology, hematoxylin and eosin (HE) stainingwas performed on paraffin
section prepared from samples fixed with MEMFA (0.1 M MOPS, 2 mM EGTA,
1 mM MgSO4, 3.7% formaldehyde, pH 7.4) or Zamboni’s fixative (40 mM
NaH2PO4, 120mMNa2HPO4, 2%PFA, 0.1% saturated picric acid).Wholemount in
situ hybridization was performed according to the standard protocol (Sive et al.,
2000). For probe synthesis, constructs were linearized and transcribed with T7 or T3
RNA polymerase with DIG RNA labelling mix (Roche).
Whole mount immunohistochemistry was performed as described (Chen
et al., 2006). The anti-neural monoclonal antibody 2G9 (Jones and Woodland,
1989) was used to detect spinal cord, and MZ15 (Zanetti et al., 1985) for
detection of the notochord. Both antibodies were from the Developmental Stu-
dies Hybridoma Bank (DSHB) at University of Iowa. The monoclonal antibody
12/101 (gift from Liz Jones) was used for the detection of muscle (Kintner and
Brockes, 1984). Immunostaining with monoclonal antibody against PCNA
(1:500, Dako Cytomation) was performed on cryosections, with Texas Red
conjugated secondary antibodies (1:250, Vector Labs) and counterstained with
DAPI. Slides were mounted in Gel mounting medium (Biomedia) before ob-
servation under the microscope.
Transgenesis, tail amputation, small molecule treatment and
regeneration scoring
Transgenic tadpoles were made as described (Amaya and Kroll, 1999)
except that the restriction enzyme was omitted. Tail amputations were performed
on feeding stage tadpoles (stage 48–49) unless otherwise stated. Heat shock
activation of the HSP70 promoter (34 °C, 30 min each day) was performed as
described previously (Beck et al., 2003). For SU5402 and BIO treatment, stocks
from Calbiochem were dissolved in DMSO. Immediately after tail amputation,itu hybridization detection of fgf8 (A–D), fgf9 (E–H), fgf10 (I–L), fgf20 (M–P),
poles) and in tail regenerates 1–3 days post amputation (1 dpa: B, F, J, N, R, V;
dicate amputation levels. Scale bars: 200 μm. dpa: day post amputation. (Y) RT-
iately after amputation (D0) and 1–4 days post amputation (D1–D4). 1 mm of
ding control. (Z) Relative expression levels of genes detected by RT-PCR, based
ard (1 arbitrary unit) in each gene group. Note that an increased in situ signal may
lysis.
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concentration which was changed daily. For scoring of regenerates, we used
the same method as described previously (Beck et al., 2003). To compare the tail
regeneration rate in BIO and DMSO treated tadpoles, tadpoles of stage 48 or
older were paired according to their overall size based on the length of the head-
to-tail-tip. After 4 days of BIO or DMSO incubation, tail restoration rate is
measured by dividing the length of regenerated tail by the length of the tail
amputated. Twelve tadpoles were used in each group.
RT-PCR
To detect gene expression in regenerating tails by RT-PCR, 10 regenerating
tails were collected for RNA isolation. Total RNA was prepared using Trizol
reagent (Invitrogen). RNA samples were treated with DNaseI (Invitrogen)
before being reverse transcribed into cDNAs with the Superscript III Reverse
Transcriptase system (Invitrogen). Primers and annealing temperatures (Ta) used
are listed in Table 1.
Photography and microscopy
Tail regeneration and GFP expression was observed in live embryos or
tadpoles under anesthesia in 0.02% MS222 (Sigma), using a Leica Fluo III
fluorescent dissecting microscope with a GFP2 filter set. Images were captured
using a Nikon digital camera with NIS-Elements F software (Nikon) and pro-
cessed with Photoshop software (Adobe). Stained sections were visualized with
a Leica DMRB microscope. Images were captured using a SPOT RT camera
(Diagnostic instruments) and processed with Photoshop software (Adobe).
Results
FGF and Wnt components are activated during Xenopus tail
regeneration
To check whether transcripts for FGFs are present during
Xenopus tail regeneration, we performed RT-PCR analysisFig. 2. Tail regeneration in tadpoles with FGF signaling inhibited. (A, C) Inhibition o
tadpole treated with DMSO, for 6 days after amputation. (C) A tail of a tadpole treate
sagittal sections of 3 dpa DMSO treated tadpole tail (regenerating, B) and 100 μM S
neural ampulla are not elongated and there is much less blastema tissue present. (E,
treatment (bright field image overlaywith fluorescent image, green arrows indicate gre
amputation.White arrowheads indicate amputation levels in panels A, C, E and F. dpa:and in situ hybridization on regenerating tails with probes for
Xenopus fgf8, fgf9, fgf10 and fgf20. As shown in Fig. 1, all
these fgf family members are expressed in tail regenerates. By
semi-quantitative RT-PCR assay we found a pronounced in-
crease of fgf20 mRNA and a modest increase in the
transcription of the other fgf ligands. The level of fgf20
mRNA increases within 24 h, and peaks about 2 days post
amputation. FGF receptor mRNAs are present but do not
change in abundance.
Expression of members of the Wnt family members, wnt3a
and wnt5a, is also detectable. Here there is less increase observ-
able in the RT-PCR data following amputation and formation of
the regeneration bud (Fig. 1). However the in situ data does
suggest a local increase of transcripts in the region of the rege-
neration bud.
FGF signaling is required for tail regeneration
In order to see whether FGF signaling is required for the
process of tail regeneration, we used two methods to interfere
with it. Firstly, we treated the amputated tadpoles with 100 μM
SU5402, a specific pharmaceutical inhibitor of FGFR1 (Mo-
hammadi et al., 1997; Poss et al., 2000). While almost all the
tadpoles treated with DMSO alone regenerate normally (Fig.
2A), all of the SU5402 treated tadpoles failed to regenerate (Fig.
2C, Table 2). Sections through the amputation stump (Figs. 2B,
D) show that after amputation the SU5402 treated tadpole can
heal its wound and there is a normal closing up and formation of
the spinal ampulla. But the notochord fails to elongate and
proliferate. Not much mesenchyme is visible and no blastema is
formed, consistent with the observation that FGF signalling isf FGF signaling with SU5402 blocks tail regeneration. (A) A tail regenerate of a
d with 100 μM SU5402, for 6 days after amputation. (B, D) HE staining of para-
U5402 treated tadpole tail (non-regenerating, D). In panel D, the notochord and
F) Tail regeneration in XFD transgenic tadpoles without (E) or with heat shock
en lens). Heat shockwas given 3 h before tail amputation and then every 24 h after
day post amputation. Scale bars: 200 μm in panels A–D and 1 mm in panels E, F.
Table 2
Effects of enhancers and inhibitors of FGF andWnt signaling on tail regeneration
Transgene/treatment Regeneration N % of cases
regenerating
Mean
regeneration
score (of 10)
None Partial Full
DMSO 3 4 74 81 96.3 9.4
SU5402 21 1 0 22 4.5 0.2
HGEM-XFD 12 0 0 12 0.0 0.0
WT control 1 0 10 11 90.9 9.1
HGEM-dkk1 23 4 1 28 17.9 1.1
WT control 0 1 47 48 100.0 9.9
HGEM-β-catenin+
DMSO
0 0 17 17 100.0 10.0
HGEM-β-catenin+
SU5402
14 1 0 15 6.7 0.3
WT+SU5402 22 0 0 22 0.0 0.0
WT+SU5402+BIO 23 0 0 23 0.0 0.0 a
HGEM-XFD+BIO 20 0 0 20 0.0 0.0a
HGEM-XFD+DMSO 24 0 0 24 0.0 0.0
HGEM-dkk1+
HSP-fgf20:elas-GFP
8 26 18 52 84.6 5.96
Notes. Regeneration scoring was carried out 7 days post amputation. hs: heat
shock.
a In this group, outgrowth of the fin is obvious but detailed examination with
molecular markers of spinal cord, notochord and muscle reveals that these axial
structures are absent in the tail regenerates.
327G. Lin, J.M.W. Slack / Developmental Biology 316 (2008) 323–335required for cell proliferation and blastema formation (Lee et al.,
2005; Whitehead et al., 2005).
Although chemical inhibitors such as SU5402 have been
widely used to block FGF signaling both in vitro and in vivo, the
specificity of inhibitors is never absolute so we felt it necessary
to confirm this effect by using a transgenic method.We produced
tadpoles containing a gene for heat shock inducible XFD
(HGEM-XFD). XFD is a truncated dominant negative form of
the FGF receptor and thus blocks FGF signalling (Amaya et al.,
1991). As shown in Figs. 2E and F, with daily heat shock
treatment, the XFD transgenic tadpoles failed to regenerate, but
without heat shock induction, the XFD transgenic tadpoles can
regenerate normally like wild type controls. Thus these results
confirm that FGF signalling is necessary for tail regeneration in
Xenopus tadpoles.
Wnt/beta-catenin signaling promotes growth and is required
for tail regeneration
To investigate the role of Wnt signalling during tail regene-
ration in Xenopus, we examined the effect of over-expressing
activated beta-catenin. This was done with heat shock inducible
beta-catenin (HGEM-β-catenin) transgenic tadpoles. We found
that tadpoles with over-active beta-catenin regenerate well and
the regenerates also seem to grow faster than wild type controls.
Significantly more dividing cells were found in the beta-catenin
over-expressing tail regenerates, as indicated by staining with
PCNA antibody (Figs. 3A, B, F). The counts shown are taken
from the newly formed regeneration buds and there is about a 4-
fold increase of PCNA index in the beta-catenin positive cases.
This phenomenon is also observed when we treated wild type
tadpoles with BIO, a small molecule inhibitor of GSK-3β, and
thus an agonist of Wnt/beta-catenin signaling (Sato et al., 2004).Here the length of the regenerated region was measured and
compared to the length of tail removed. There is an approximate
doubling of regeneration rate at 4 days post-amputation (Figs.
3E, G).
To down-regulate the function of Wnt/beta-catenin in the
regenerating tail, we created transgenic tadpoles with a heat
shock inducible dkk1 transgene. Dkk1 is a secreted antagonist of
Wnt/beta-catenin signaling (Niehrs, 2006). When the HGEM-
dkk1 transgene was induced by heat shock treatment, the trans-
genic tadpoles failed to regenerate, while both wild type controls
and dkk1 transgenic tadpoles without heat shock treatment can
fully regenerate their tails (Figs. 3C, D). Together these results
show that Wnt/beta-catenin is also required for the regeneration
of the Xenopus tadpole tail.
Temporal requirement for FGF and Wnt signaling
In order to gain insight into which phases of tail regeneration
need FGF and Wnt signaling, we inhibited FGF and Wnt/beta-
catenin signaling at various time points of the tail regeneration
process. To inhibit FGF signaling, 100 μM SU5402 was added
to the culture medium. Amputated tadpoles were incubated
either immediately after tail amputation for 24 h (0–24 h), or
from 24 h to 48 h post amputation, or from 48 h to 72 h post
amputation, or from the time of amputation until 7 days post
amputation, at which time tail regeneration was scored. As
shown in Table 3, a continuous exposure to SU5402 is neces-
sary to completely inhibit tail regeneration. A single exposure is
not sufficient. The effect of SU5402 treatment is also reversible,
because withdrawal of the inhibitor, even after 7 days incuba-
tion, causes resumption of regeneration.
Similar experiments were carried out using HGEM-XFD
tadpoles. Here they were heat shocked at the same time
intervals to induce expression of XFD. The results are
essentially the same as those with SU5402, showing that the
FGF requirement is late in the regeneration process and that
inhibition over several days is required to suppress regeneration
(Table 3).
To inhibit Wnt signalling, HGEM-dkk1 transgenic tadpoles
were heat shocked at various time points: 3 h before amputation,
or at each 24 h after tail amputation. Heat shock-induced dkk1
mainly affects regeneration around day 2 after amputation (Table
3). Unlike the FGF inhibition treatments, the effect of dkk1 on
tail regeneration seems to be irreversible because after 3 days of
heat shock treatment, none of the HGEM-dkk1 transgenic tad-
poles were able to resume tail regeneration.
FGF signaling acts downstream of Wnt signaling
Since both FGF and Wnt signaling components are ex-
pressed in tail regenerates and both signaling pathways are re-
quired for tail regeneration, it is tempting to postulate a linear
pathway, and to attempt to decipher the relationship between
them by epistasis experiments. The design involves inhibiting
one pathway and stimulating the other. Then we expect to see
regeneration when the more downstream process is stimulated,
and inhibition when it is inhibited, regardless of the state of the
Fig. 3. Cell proliferation detection in beta-catenin transgenic tadpoles and tail regeneration in dkk1 transgenic and BIO treated tadpoles. (A, B) Cell proliferation
detection with antibody against PCNA in tail regenerate of beta-catenin transgenic tadpoles with (B) or without (A) heat shock induction. Cross sections were prepared
from tail regenerates 4 days post amputation. N: notochord; sc: spinal cord. (C) Tail regeneration in a wild type (siblings from dkk1 transgenic) tadpole with heat shock
treatment, 7 days post amputation. (D) Tail regeneration in a dkk1 transgenic tadpole with heat shock treatment, 7 days post amputation. Heat shock was given 3 h
before tail amputation and then every 24 h after amputation. Arrowheads in panels C, D indicate amputation levels. hs: heat shock. (E) Tail regeneration in tadpoles
treated with BIO or DMSO, 4 days post amputation. White arrows indicate regenerating tail. (F) Quantification of PCNA positive cells in tail regenerates of β-catenin
transgenic tadpoles, based on cell counting on cross sections of 3 individuals for each group. (G) Quantification of tail regeneration rate in DMSO or BIO treated
tadpoles. Tail restoration rate is measured as described in materials and methods section. Scale bars in panels A, B: 50 μm; scale bars in panels C–E: 500 μm.
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the soluble agents and with transgenesis.
Firstly, we treated tadpoles with SU5402 alone to inhibit
FGF signaling, or together with BIO, to activate the Wnt/beta-
catenin pathway simultaneously. After 7 days of incubation, we
found that from the external appearance of the whole mounted
tails, all tadpoles incubated with SU5402 and BIO together
seem to have regenerated, while tadpoles with SU5402 alone
failed to regenerate. However, when we checked the expression
of various molecular markers (spinal cord with 2G9 antibody
staining (Jones and Woodland, 1989), notochord with MZ15
antibody staining (Zanetti et al., 1985) and muscle with 12/101
antibody staining (Kintner and Brockes, 1984)), we found thatthe seemingly regenerating tails in SU5402+BIO treated tad-
poles actually consist only of fin tissue and do not contain the
axial structures. So in the absence of FGF activity, the Wnt
pathway can only provoke growth of the fin.
The same results were obtained when we heat shocked
HGEM-XFD transgenic tadpoles and incubated them in BIO
afterwards (Fig. 4). Then we tried to heat shock HGEM-β-
catenin transgenic tadpoles and incubate them in SU5402. These
tadpoles also failed to regenerate (Table 2). So these three expe-
riments, which use different components to achieve the same
end, all give a similar result. Activating Wnt/beta-catenin sig-
naling does not rescue regeneration failure caused by inhibiting
FGF signaling.
Table 3
Temporal requirement for FGF and Wnt signaling in Xenopus tail regeneration
Regeneration N % of cases
regenerating
Mean
regeneration
score (of 10)
None Partial Full
SU5402
0 h–24 h 0 0 16 16 100.0 10.0
24 h–48 h 0 2 8 10 100.0 9.0
48 h–72 h 3 0 15 18 83.3 8.3
24 h–72 h 1 2 8 11 90.9 8.2
0 h–7 days 14 0 0 14 0.0 0.0
HGEM-XFD
−3 h 0 0 10 10 100.0 10.0
24 h 2 2 6 10 80.0 7.0
48 h 0 0 10 10 100.0 10.0
−3 h–7 days 15 1 0 16 6.2 0.3
HGEM-dkk1
−3 h 4 0 8 12 66.7 6.7
24 h 14 0 1 15 6.7 0.7
48 h 6 0 5 11 45.5 4.5
−3 h–7 days 19 0 0 19 0.0 0.0
Notes. SU5402 treatment: 100 μM SU5402 was added to tadpole culture
medium at time points indicated. HGEM-XFD and HGEM-dkk1 transgenic
tadpoles were heat shocked at time points indicated. Tail regeneration was
scored 7 days post amputation.
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rescue the regeneration defect in tadpoles lacking Wnt-beta
catenin signaling. For this we created double transgenic
tadpoles with both heat shock inducible dkk1, which we know
to be an effective inhibitor of Wnt, and fgf20, which is the fgf
family member most dramatically up regulated after tail
amputation. These tadpoles have both green eyes (indicating
presence of hs-dkk1) and green pancreas (indicating presence
of hs-fgf20) (Beck and Slack, 1999b). When these tadpoles
were heat shocked, most of them were able to regenerate (Fig.
5 and Table 2). Sometimes the regenerates are not complete,
as shown in Figs. 5E, F. However all of the regenerating tails
in this experiment did contain all the three axial structures
when examined histologically (Figs. 5G–I). The collected
results in Table 2 shows that this combination produces 85%
regeneration as opposed to only 2% overall for the groups of
treatments involving inhibition of FGF and stimulation of
Wnt.
The result of these rescue experiments is also consistent
with gene expression studies. BIO treatment can enhance the
expression of FGF family members (Figs. 6A, B, D, E) and
their downstream target msx1 (Figs. 6C, F) while the
expression of FGFs and msx1 in heat shocked dkk1 transgenic
tadpoles is abolished (Figs. 6G–K). This suggests that the
abundance of FGF ligands is regulated by Wnt/beta-catenin
signaling.
In the converse experiment, expression of wnt3a and wnt5a
were examined in SU5402 treated tail regenerates. In some
cases there was no expression visible, but in most there was a
reduced level as shown in Figs. 6M, N. Because these cases fail
to form a regeneration bud the extent of tissue which could
show a positive signal is much less than usual. The intensity ofsignal approaches normal over the restricted extent, so we
consider that these cases are genuinely positive and that wnt
transcription is maintained to at least some degree when FGF
signaling is inhibited.
Collectively, these results indicate that FGF signaling acts
downstream of Wnt/beta-catenin signalling during Xenopus tail
regeneration. However there may also be some elements of
feedback or feed-forward, as suggested by the fact that wnt3a
and 5a are certainly reduced to some extent by SU5402.
Wnts and FGFs are down regulated in noggin tadpoles
BMP signaling has previously been shown to be required for
tail development and regeneration in Xenopus tadpoles (Beck
et al., 2006, 2003). We have established a transgenic line with a
heat shock inducible noggin gene, encoding an extracellular
antagonist of BMP (Smith and Harland, 1992). With daily heat
shock these show essentially 100% inhibition of regeneration,
although there is a slight variation in the amount of fin formed.
To check whether BMP regulates fgf and wnt transcription, we
looked at the expression patterns of fgfs and wnts in HGEM-
noggin transgenic tadpoles. As shown in Fig. 7, heat shock
induced expression of noggin in the tail regenerates abolishes
expression of wnt3a, wnt5a, fgf10 and fgf20. But in HGEM-
dkk1 transgenic tadpoles and SU5402 treated tadpoles, the
expression of bmp4 remains unchanged (Figs. 6L, O). These
results indicate that BMP is upstream of, and its activity is
required for the maintenance of, wnt and fgf expression in Xe-
nopus tail regeneration.
Discussion
Conserved requirement for Wnt and FGF signaling
Our results reported here demonstrate that both Wnt and
FGF signaling pathways are required for tail regeneration in
Xenopus tadpoles. Firstly, expression of components of Wnt
and FGF signalling are present or re-activated in the young
growing tail regenerate after amputation (Fig. 1). Secondly, by
using the small molecule SU5402 to inhibit FGF signaling, or
by over-expressing the dominant negative FGF receptor XFD
in transgenic tadpoles, we observed the complete inhibition of
tail regeneration (Fig. 2). This establishes the requirement of
FGF signaling for Xenopus tail regeneration. The requirement
of Wnt signaling was similarly established by using Dkk1 as
an antagonist of Wnt signaling (Fig. 3). Consistent with this,
over-expressing beta-catenin or treating tadpole tails with
BIO, a GSK-3β inhibitor, can promote tail outgrowth. This
phenomenon almost misled us to conclude that BIO can
rescue the regeneration defect in SU5402 treated tadpoles,
although detailed examination of the BIO treated tadpole tails
revealed a lack of axial structures, showing that the outgrowth
had occurred in the fin only (Fig. 4). Thirdly, we established
that Wnt acts upstream of FGF signaling, based on the
observation that fgf20 can rescue the regeneration defect
induced by over-expressing dkk1, with the rescued tail
regenerate containing all three main axial tissue types (Fig.
Fig. 4. Immunohistochemistry of axial structures in XFD transgenic and BIO treated tail regenerates. (A) The tail of this XFD transgenic tadpole failed to regenerate
after daily heat shock treatment, 7 days post amputation. (B) XFD transgenic tadpole treated with BIO shows outgrowth of tail after amputation, 7 days post amputation.
(C–N) Detection of notochord (C, F, I, L; with MZ15 antibody), spinal cord (D, G, J, M; with 2G9 antibody) and muscle (E, H, K, N; with 12/101 antibody) in heat
shocked XFD transgenic tadpoles (C–E), wild type tadpoles treated with BIO (F–H), heat shocked XFD transgenic tadpoles treated with BIO (I–K) and wild type
tadpoles (L–N). White and black arrowheads indicate amputation levels. Scale bars: 200 μm. For the experiments shown in panels I–N, tadpole stage was 42–43.
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tail regeneration was established in previous work (Beck et al.,
2006, 2003). The failure to upregulate fgf and wnt geneexpression in the regeneration bud in heat shock treated hsp-
noggin tadpoles indicates that the BMP requirement is ups-
tream of both.
Fig. 5. Tail regeneration in dkk1+ fgf20 double transgenic tadpoles. (A) A tadpole with both dkk1 transgene as indicated by the green lens (short white arrow) and fgf20
transgene as indicated by the green pancreas (long white arrow). Transgenic constructs used are shown in inset. (B) Tail regeneration in wild type tadpoles after 7 days' heat
shock treatment (23 of 23 in total). (C) Tail regeneration in dkk1 transgenic tadpoles with heat shock treatment for 7 days. Most dkk1 transgenic tadpoles failed to regenerate
(23 of 28), some regenerated partially (5 of 28, similar as shown in panel F). (D–F) Tail regeneration in dkk1 and fgf20 double transgenic tadpoles, with heat shock treatment
for 7 days. (D) Full tail regeneration (18 of 52). (E) Partial tail regeneration (18 of 52). (F) Partial tail regeneration (8 of 52). Some dkk1 and fgf20 double transgenic
tadpoles failed to regenerate (8 of 52, similar as in panel C). (G–I) Representative cross sections of tail regenerates in wild type tadpoles (G) and fully regenerated (H) or
partially regenerated (I) tail in dkk1 and fgf20 double transgenic tadpoles. Cross sections were immunostained with 12/101 mAb and conterstained with Haematoxylin. N:
notochord, s.c.: spinal cord. White arrowheads in panels B–F indicate amputation levels. Scale bars in panels A–F: 250 μm; scale bars in panels G–I: 100 μm.
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similar molecular processes underlie such anatomically dis-
parate phenomena as the regeneration of the Xenopus tadpole
tail, the zebrafish caudal fin and the Xenopus tadpole limb
bud (Kawakami et al., 2006; Stoick-Cooper et al., 2007;
Whitehead et al., 2005; Yokoyama et al., 2007). This
commonality of mechanism suggests involvement in generic
regenerative events that precede or are independent from thespecific events involved in the reconstitution of different indi-
vidual structures.
Does this process recapitulate events of tail development?
Both theWnt/beta catenin and the FGF pathways are well known
to be responsible for posterior patterning during formation of the
main body plan of all types of vertebrate embryo during gas-
trulation (Agathon et al., 2003; Huelsken et al., 2000; Kiecker
andNiehrs, 2001; Lamb andHarland, 1995; Pownall et al., 1996;
Fig. 6. Gene expression detection in dkk1 heat shock and small molecule treated tadpole tails. (A–F) In situ hybridization detection of fgf10 (A, D), fgf20 (B, E), msx1
(C, F) in tadpoles treated with DMSO alone (A–C) or 50 nMBIO (D–F). (G–L) In situ hybridization detection of fgf8 (G), fgf 9 (H), fgf10 (I), fgf20 (J),msx1 (K),msx2
(inset in panel K) and Bmp4 (L) in dkk1 transgenic tadpole tails with heat shock treatment, 3 days post amputation. (M–O) In situ hybridization detection of wnt3a (M),
wnt5a (N) and Bmp4 (O) in wild type tadpole tails treated with 100 μM SU5402, 3 days post amputation. Arrowheads indicate amputation levels. Scale bar: 500 μm.
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previously shown using a gain of function assay that e-fgf
and wnt3a would not drive new tail bud formation, whereas
bmp4 and Notch-ICD would do so (Beck and Slack, 1999a).
However several FGFs and Wnts are expressed in the
developing tail bud and it may be that the correct combination
of treatments was not found for a successful gain of function
response in this earlier work. It was also shown in that work that
Wnt signaling was required to enable a tail bud to arise outside
the normal domain, in the anterior region of the neural plate.As far as other vertebrates are concerned, Wnt and FGF
family members are expressed in the developing tail of all
vertebrates, including the mouse, where the account of tail
development currently differs somewhat from that of the other
species (Goldman et al., 2000). Regeneration of the tail in adult
life occurs in lizards and in urodele amphibians (Simpson,
1970; Tanaka, 2003). There are no studies of the molecular
signaling pathways in lizards, but limited expression data from
urodele tails is consistent with a role for Wnts (Caubit et al.,
1997).
Fig. 7. Expression of wnts and fgfs in wild type and in noggin transgenic tadpole tail regenerates. (A, C, E, G) Tail regenerates of noggin transgenic tadpoles with in
situ hybridization detection of fgf10 (A), fgf20 (C), wnt3a (E) and wnt5a (G), 3 days post amputation, without heat shock treatment. (B, D, F, H) with heat shock
treatment 3 h before amputation and every 24 h after amputation. Arrowheads indicate amputation levels. Scale bar: 500 μm.
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When more than one gene product is required for a process to
occur it is tempting to believe that they act in a linear pathway,
which would not operate in the absence of either of the com-ponents. This underlies the epistasis analysis often performed in
developmental genetics in order to establish the order of action
of genes. The logic is that when mutations leading to opposite
phenotypes are combined in the same organism, then the phe-
notype which prevails indicates a defect in the last step in the
334 G. Lin, J.M.W. Slack / Developmental Biology 316 (2008) 323–335pathway. Similar analysis can be conducted by overexpressing
oppositely acting genes as in the present case. The results of
epistasis experiments are sometimes not as clearcut as one
would like. This is probably because the basic assumption of a
linear pathway is not always correct. Even when the pathway is
linear there may be feed-forward or feed-back effects that make
interpretation of experiments less easy. For example in the
induction of the neural crest much of the data supports a simple
pathway msx→ snail→ sox10→ slug. However, inhibition of
slug function causes reduction of expression of snail and sox10,
indicating that more complex relationships exist between the
components (Barembaum and Bronner-Fraser, 2005; Steventon
et al., 2005). Similarly in our case, the data broadly supports the
sequence BMP→Wnt→FGF. But the inhibitor SU5402 does
reduce the expression of wnt3a and wnt5a to some extent,
suggesting that there may be some feedback maintenance of
wnt expression by FGF signaling.
Timing of events
In regeneration studies it is usual to consider that there are at
least two separate phases of the mechanism. There is an early
phase during which a decision is made to regenerate the
appendage as opposed to simply healing the wound, and a later
phase of outgrowth of the regenerate. In cases where the rege-
neration bud is a blastema, formed by de-differentiation, critical
patterning events responsible for regional specification of the
regenerate occur during blastemal growth which is followed by
a third phase of re-differentiation, typically occurring in pro-
ximo-distal sequence.
In the Xenopus tail each of the axial tissues is reformed from
the rudiment present in the stump (Gargioli and Slack, 2004)
and there is currently no evidence for any de-differentiation.
There is a region of undifferentiated tissue called the blastema,
which contains muscle satellite cells, melanophore precursor
cells, fibroblasts and probably other cell types, and its mode of
formation is still not fully understood. The earliest events of
regeneration so far identified are a requirement for a proton
pump, the V-ATPase (Adams et al., 2007), and a requirement for
some cell death (Tseng et al., 2007), both of which occur in the
first few hours after amputation.
Using heat shock inducible promoters, or studies involving
the addition or removal of inhibitors, it is easy to limit the
treatment to a particular time and thereby to inquire at what
time each component is necessary. Our results using SU5402
and heat shock inducible XFD indicate that the FGF re-
quirement is quite late and presumably required for late stage
outgrowth of the various tissues of the tail. The results using
temperature inducible dkk1 indicate that the Wnt requirement is
earlier than this but still not in the very early stage. Our
previously published study using heat shock induced noggin
showed that there was some BMP signaling requirement over
the first 24 h, but inhibition was more pronounced when ex-
tended over the first 3 days post amputation (Beck et al., 2006).
These results then are consistent with the order BMP→Wnt→
FGF, given some overlap in requirement, and they suggest that
this signaling cascade is mainly responsible for initiating andsustaining outgrowth rather than underlying the initial deci-
sion to regenerate. This is supported by the observation that
cell division is always reduced when one of the pathways is
inhibited.
Tissue specificity
The studies performed on zebrafish tail and Xenopus limb
buds have involved uniform treatment of the organism, either
with inhibitors or with temperature inducible transgenes. Espe-
cially in the Xenopus tadpole tail, where the regeneration bud
consists of an assemblage of several distinct zones of regene-
rating tissue, it is of interest to ask which pathways are required
in which tissues, and to what extent is one tissue required for the
regeneration of the others. This is an area that requires consi-
derably more work and we plan to deepen these studies in
future, with the use of tissue specific promoters and more so-
phisticated grafting techniques.
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